First-principles computations are employed to investigate the electronic structures and optical absorption of rhombohedral BiFeO 3 under uniaxial compression and biaxial tension. We find that the bandgap of BiFeO 3 is reduced under uniaxial compression, and it can be tuned to the ideal value for photovoltaic applications; furthermore, the indirect-to-direct bandgap transition occurs, which would lead to much enhanced optical absorption near the band edge. Similar results are found for biaxial tensile strain. Strong optical absorption is critical to build efficient solar cells based on ferroelectric thin films; strain engineering is thus a practical route towards realizing this scheme, in which no junction is needed to separate charge carriers. 5 Ferroelectric (FE) oxides lack an inversion center, thus a steady photocurrent can exist without p-n junctions. This bulk PV effect, which is the consequence of asymmetric electronic relaxation and scattering, was observed in 1950s. 6 Among FE oxides, BiFeO 3 (BFO) is of particular interest due to its high polarization ($90 lC=cm 2 ) and relatively narrow bandgap (E g ¼ 2:67 eV).
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Therefore, PV materials with low cost and/or high energy conversion efficiency are of great interest, and they have been subjected to intensive research explorations. 2 Oxides can be cheap, abundant, stable, and their optoelectronic properties can be systematically adjusted through chemical substitutions 3 or strain engineering, 4 making them suitable for PV applications. 5 Ferroelectric (FE) oxides lack an inversion center, thus a steady photocurrent can exist without p-n junctions. This bulk PV effect, which is the consequence of asymmetric electronic relaxation and scattering, was observed in 1950s. 6 Among FE oxides, BiFeO 3 (BFO) is of particular interest due to its high polarization ($90 lC=cm 2 ) and relatively narrow bandgap (E g ¼ 2:67 eV). 7 Furthermore, BFO is probably the best known multiferroic material, possessing the combination of ferroelectricity, antiferromagnetism, and ferroelasticity, which might lead to unprecedented opportunities in making useful PV cells and other optoelectronic devices. 2 Recently, an external quantum efficiency up to 10% was reported in BFO thin films, 5 and remarkably, much higher open-circuit voltage than bandgap was discovered in BFO thin films. 8 In principle, very high PV efficiency (up to 70%) could be achieved in FE thin films; however, the measured overall energy conversion efficiency of these materials is very low. 2 The highest PV efficiency ever reported is merely 0.28%, which is about two orders lower than that of crystalline silicon. 9 This is mainly due to the extremely short lifetime of a nonthermalized electron ($10 À12 s), in comparison with the lifetime of a thermalized electron ($10 À6 s). 10 Theoretical analysis suggested that this problem could be overcome by using ultra-thin FE films, which dramatically reduce the charge collection distance, and the PV efficiency of ultra-thin FE films is expected to be comparable with that of bulk silicon. 9 Another severe issue is that the bandgap of BFO is much larger than the ideal value of $1:4 eV for PV application, resulting in poor optical absorption. 7, 11 This is because about 93% of the energy in sunlight is concentrated in the visible and infrared light with wavelength (k) in the range of 390-4000 nm (corresponding to 0.31-3.18 eV); 12 however, E g of BFO is 2.67 eV, so that photons with k > 464 nm, which account for more than 85% of the total energy, cannot be absorbed. 13 To improve the optical absorption of BFO thin films, their bandgap needs to be narrowed. 13 An effective and economical way of bandgap engineering is strain, 4 including external stresses, such as uniaxial 14 or hydrostatic pressures, 15 or internal strains, such as chemical pressure or lattice mismatch. 4 Strain engineering has been widely employed in semiconductors to acquire desirable electronic, mechanical, and other properties. 4, 5, 14 In the present work, using first-principles calculations based on the density functional theory (DFT), 16 we show that the bandgap of BFO can be reduced to approach the ideal value for PV applications by applying an appropriate stress on rhombohedral R3c structure. The optical absorption coefficient is expected to be enhanced, as BFO experiences an indirect-to-direct bandgap transition with the increasing uniaxial compression or biaxial tension. The mechanism leading to bandgap reduction and the change in gap character will be discussed based on electronic-structure calculations, as well as the implications of present results on making efficient PV cells based on the bulk PV effects.
Our DFT calculations are performed using the projectoraugmented wave (PAW) method, 17 which is implemented in the Vienna ab-initio simulation package (VASP). 16 The generalized gradient approximation (GGA) parameterized by Perdew-Burke-Ernzerhof and revised for solids (PBEsol) 18, 19 is adopted for the exchange-correlation functional. The energy cutoff is set to 500 eV to ensure convergence, and structural relaxation is carried out until the maximum atomic force is less than 2 meV/Å . We use the GGA þ U (Ref. 20) method to overcome the well-known severe problem of DFT underestimating bandgap, and the effective Hubbard parameter, U eff ¼ U À J, is set to 4 eV, 20 with U and J the strength of on-site Coulomb and exchange interactions, respectively. The optical absorption is calculated employing the approach based on the dipolar transition matrix elements between different DFT eigenfunctions. The k-point sampling for Brillouin zone is carried out on a 4 Â 4 Â 2 grid for structural relaxation and on a 5 Â 5 Â 5 grid for electronic structures and optical absorption.
At room temperature, BFO is a G-type antiferromagnetic perovskite with the rhombohedral R3c structure; 21 therefore, we investigate its electronic and optic properties subjected to a uniaxial compressive stress (Àr) applied along the [111] direction, which can be realized by adding load along this direction for the single crystal BFO or compressing the (111) BFO nanowires. 22 Besides, the (111) BFO thin films grown on the (111) substrates whose in-plane lattice constants are larger than the counterpart of BFO can produce biaxial tensile strain. 23 Our current study indicates that biaxial tension and uniaxial compression have similar effects on electronic and optical properties of BFO; we thus mainly present and discuss the results of uniaxial strain in the text, with a brief summary of the biaxial results (the details of biaxial strain are in supplemental material 24 ). In our calculations, except for explicitly pointing out, the 30-atom hexagonal unit cell is adopted (a ¼ b ¼ 90 ;
sponds to the rhombohedral [111] direction, thus the stress is denoted as Àr 33 . Fig. 1(a) shows the bandgap of BFO as a function of stress. Under zero pressure, our calculation predicts that E g ¼ 2:13 eV, and the gap is slightly indirect, consistent with previous theoretical results. 21 As the compressive stress increases, E g decreases rapidly, becoming a direct gap when the stress is 5.8 GPa. Interestingly, further increasing stress to around 36 GPa will change the direct bandgap back to an indirect gap. At Àr 33 ¼ 16 GPa; E g ¼ 1:4 eV, which is the ideal value of bandgap for PV applications. However, since our GGA þ U calculation underestimates E g by 0.54 eV, compared with experimental data, 7 we shift the E g vs uniaxial stress curve upward by this amount, as seen in Fig. 1(a) . Considering this scissor correction, a compressive stress of 28 GPa is required to reduce E g to 1.4 eV.
The optical absorption coefficient a can be computed by 
where x is the angular frequency of photon, and e 1 and e 2 are the real and imaginary parts of dielectric function, respectively. 25 Obviously, the main contribution to a comes from e 2 . Fig. 1(b) summarizes the optical absorption coefficient (to the right) as a function of photon energy for three representative compressive stresses of 0, 16, and 28 GPa, in comparison with the solar spectral irradiance (to the left). 26 Here, we applied the scissor shift of 0.54 eV to aðxÞ, which is the average of its values for ordinary and extraordinary light. For the unstrained BFO, our computed aðxÞ agrees qualitatively with experimental data. 7 As expected, when the compressive stress increases, the optical absorption edge decreases, indicating more overlap between the optical absorption spectra and the solar spectral irradiance, i.e., photons with lower energy can now be absorbed by BFO.
Furthermore, aðxÞ near the absorption edge is expected to be strengthened under compression, indicating an enhanced optical oscillator strength near edge, due to the transition from indirect to direct gap. This is because the optical absorption near edge in an indirect-gap material must involve phonons, while in a direct-gap material, this is purely an electron-photon interaction. However, our simple method of calculating the dielectric function does not consider phonons; therefore, this trend cannot be caught by current calculations, as evident in Fig. 2 . Here, the imaginary part of dielectric function (e 2 ) of BFO under compression for the ordinary light (e 2o ) and that for the extraordinary light (e 2e ) is shown in Figs. 2(a) and 2(b) , respectively. In both cases, a redshift of e 2 is induced by stress, but the magnitude of e 2 near the absorption edge is not significantly strengthened as expected. More accurate computational methods considering the electron-phonon interactions are needed to demonstrate this trend. In addition, as the uniaxial compression increases, the heights of the resonance optical absorption peaks increase as well.
The enhancement of light absorption of BFO under compressive stress is due to the reduction in bandgap and the transition from an indirect gap to a direct one. To understand this critical electronic behavior, we plot the electronic band structure (Fig. 3 ) of rhombohedral R3c BFO under three Fig. 3(b) . Note that we used the 30-atom hexagonal unit cell, and the [111] compression for rhombohedral R3c corresponds to the compressive stress on z-direction, causing these z-component orbitals to overlap more, and thus the gap between bonding and anti-bonding states are reduced.
The reduced bandgap and the expected much enhanced optical absorption are crucial for future design of efficient PV cells based on BFO thin films. Because the charge carries are separated by the internal electric field due to polarization, their lifetime is extremely short, and only ultra-thin BFO films with thickness of $10 nm could achieve energy conversion efficiency comparable to that of bulk silicon, provided that these ultra-thin films could absorb light adequately. 9 Our results demonstrate that by strain engineering, the bandgap of BFO can be adjusted to near the ideal value of 1.4 eV, and the original indirect gap can be modified to direct gap, which absorbs sun light much more strongly. In addition, the polarization increases under compressive stress, 27 which is desirable for enhancing PV current as well.
We have presented the effects of uniaxial compression on R3c BFO; in the following we demonstrate that under such strain, the R3c phase is stable. First, we started from the monoclinic Cm structure, and the subsequent relaxation under 2013) uniaxial compression leads to the rhombohedral R3c phase. Second, we computed energies as a function of uniaxial compression for the Pnma-like (a slightly distorted Pnma structure 11 ) and Cc-like structures using 40-atom unit cells (Fig. S2  (Ref. 24) ); comparing them with the R3c structure (Fig. S1  (Ref. 24) ), as shown in Fig. 4 , we find that the R3c phase has the minimum energy. Therefore under uniaxial compression BFO is very likely to remain the R3c symmetry.
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We also studied the electronic and optical properties of BFO subject to biaxial tensile strain. As plotted in Figs. S3-S5 in supplemental material, 24 the trends of variation in bandgap and dielectric function with respect to the applied biaxial tension are very similar to those for uniaxial compression. Specifically, E g decreases nearly linearly as lattice constant a (a ¼ b) increases until it reaches 6.17 Å . For a > 6:17Å; E g decreases more rapidly; whereas when a > 6:30Å, the system fractures. Thus, both biaxial tensile and uniaxial compressive strains can improve the optical properties of BFO for PV applications. However, under biaxial tension, the decreasing rate of E g to applied stress is smaller than that under uniaxial compression; when a approaches 6.30 Å before system fracturing, the computed bandgap (with a scissor shift of 0.54 eV) is close to 1.8 eV. Although E g is still larger than the ideal value of 1.4 eV, its corresponding theoretical PV efficiency of 27% is only moderately lower than the maximum efficiency of 34%, 28 much improved over merely 11% for the unstrained BFO.
In order to facilitate such biaxial tensile stress, a lattice constant misfit strain of $13% is required. The largest lattice mismatch with BFO ever realized in lab was 6.4% using the MgO substrate. 4 But it is within experimental limit to achieve 13% lattice mismatch using an appropriate substrate whose lattice constant is larger than that of MgO, for example, BaPaO 3 , BaThO 3 , RbCaF 3 , RbHgF 3 . 29 Experimentally, large lattice misfit has been demonstrated for other materials, for example, Wang et al. 30 showed that the epitaxial YBa 2 Cu 3 O 7 films deposited on BaF 2 and Y-ZrO 2 substrates are under misfit strain of À13% and 9%, respectively.
In summary, we have investigated the electronic and optical properties of the rhombohedral R3c BiFeO 3 under uniaxial compression and biaxial tension using first-principles computations. Our main finding is that by applying an appropriate uniaxial compressive stress, the bandgap can be reduced to the optimized value for PV applications, and the optical absorption near edge is expected to be significantly strengthened as well, because of the indirect-to-direct gap transition due to the band-broadening along the C-A direction, pushing the O 2p and the Fe 3d and Bi 6p orbitals closer along that direction. Moreover, the biaxial tensile stress leads to similar effects, though it cannot adjust E g to the ideal value as uniaxial compression does. Since efficient PV cells requires ultrathin BFO films, the enhanced optical absorption is critical to realize this scheme; thus, our present work paves the way towards the highly efficient PV cells based on FE thin films. 
Supplemental Materials
Improving the optical absorption of BiFeO 3 for photovoltaic applications via uniaxial compression or biaxial tension and Cc-like phases.
